Taxic Responses in Phormidium uncinatum
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Cyanobacteria respond to a decrease in light intensity by reversing their direction of gliding. The sensitivity of the phototactic response in Phormidium uncinatum increased two-to threefold under anaerobic conditions. Light-dependent changes in the membrane potential (Av/), as measured by tetraphenylphosphonium distribution, were also found to be larger in anaerobic conditions, suggesting that the photophobic response is governed by sensing of the protonmotive force (A&+). The uncoupler carbonyl cyanide m-chlorophenylhydrazone (CCCP), when added to P. uncinatum trichomes, also evoked a phobic response in a spatial gradient assay. The extent of repulsion by different concentrations of CCCP correlated with its ability to decrease Ay. A viscous environment, exudates of an old culture, or high concentrations of Ca2+ (plus the ionophore A23 187) caused oscillatory reversals and a partial asynchronization of cells within a trichome. EGTA or CCC P in high concentrations restored synchronization. Ethionine inhibited reversals and the addition of 1 0-6 M-Ca2+ (plus A23 187) restored photophobic sensitivity. A depolarizing electrical potential spread from the leading end (the 'head') of the trichomes following a decrease in light intensity. It is suggested that sensing of A,iiH, or chemoeffectors leads to a methylation-requiring step followed by a taxic signal in the form of simultaneous changes in A y and Ca2' concentration.
I N T R O D U C T I O N
In bacterial taxis, information is processed through several steps: reception, summation, adaptation, signal transmission to flagella and, finally, reversal of flagellar motors. By modulating the frequency of flagellar reversals, bacteria respond to gradients of attractants and repellents (Larsen et al.. 1974) .
C yanobacteria are especially suitable for studying the mechanism of integrating sensory information, since the trichomes are composed of many hundreds of cells, combined in an electrically unified structure . Phototaxis in cyanobacteria has been extensively studied (Nultsch, 1962 : Nultsch & Hader, 1979 , Hader, 1977 1 9 7 8~ b, 1979) . Apart from the sensing of specific chemoeffectors, bacteria are able to sense protonmotive force (AbH+) (Miller & Koshland. 1977) . It has been suggested that phototaxis is a particular case of A&+ sensing governed by a special receptor, named a protometer (Glagolev, 1978 (Glagolev, , 1980 . Changes in occurring in individual cells, due to variations in light intensity or other factors, may be integrated throughout the electrically unified trichome. After registering a change in A j H ' , the protometer may send the information to the taxis machinery which then generates a taxic signal. If this signal were of an electrical nature (as suggested by Hader, 1978a, b), the cells would be able to react uniformly by reversing. Although cyanobacteria lack flagella, they possess fibrils underlying the outer membrane (Halfen & Castenholz, 197 l) , whose rotation results in gliding. The energy source for motility in cyanobacteria, as in eubacteria, is MH+ . By analogy with flagella, the rotation of cyanobacterial fibrils may be reversed on receiving a taxic signal.
In Bacillus subtilis, Ca2+ ions have been found to be necessary for flagellar reversals (Ordal, 1977) and we have recently found that Ca2+ plays a similar role in the reversals of Phormidium uncinatum trichomes (Murvanidze & Glagolev, 198 1) .
The purpose of the present study was to investigate the interplay of phototaxis, the signal that is transmitted (probably A y ) and Ca2+ in the behaviour of P. uncinatum.
M E T H O D S
Organism and growth conditions. Phormidium uncinatum, isolated from Lake Baikal, was used throughout . P. uncinatum trichomes are 4 pm wide and 50-3000 pm long; they glide on the surface of 2% (w/v) agar with a speed of 3 p~ s-I. Phototactically active 72 h cultures were used. Trichomes were cultivated in a liquid medium (Kratz & Myers, 1955) containing 50 m~-K N O , , 0.57 mM-K,HPO,, 0.14 mMMgSO,, 1-5 x M-FeCl, and 1.5 x 10-5 M-ammonium citrate. Flasks (1 litre) were illuminated with cool white light (100 W) at 25 OC.
Microscopic observations of phototaxis. Trichomes were inoculated in the centre of Petri dishes containing the above medium solidified with 2% (w/v) agar (Nultsch, 1962) . After the trichomes had swarmed out of the centre, sections of the agar (4 x 4 mm) were cut out, placed on a microscope slide, and observed with a Reichert Univar photomicroscope using bright-field or interference-contrast optics. The initial light intensity was 10 mW cm-*, and neutral density filters were used to cause photophobic responses. The filters used were AJ, (12% transmission), AJ, (1 -6% transmission) and AJ, (0-19% transmission) . Reagents were dissolved in growth medium and added directly to the agar surface as drops (10 pl).
Anaerobiosis. Anaerobic conditions were maintained by the glucose oxidase reaction. The reaction mixture, containing glucose (50 mM), glucose oxidase (EC I . 1 . 3 . 4 ; 0.1 units ml-*) and catalase (EC 1.11 . l . 6; 10 units ml-I), was added to the agar surface. The agar and trichomes were then sealed with a cover slip. The same reaction mixture without glucose oxidase served as a control.
Determination of the membrane potential. A TPP+-selective electrode was used for measurements of Aty (Grinius et al., 1980) . A 5-7 d old culture grown in liquid medium was disrupted in a blender (Hader & Nultsch, 1973) , centrifuged at 6000 g for 5 min and diluted with growth medium to a final concentration of 3 to 6 mg (wet weight) ml-I. Blending served to separate and slice the trichomes, producing a homogeneous preparation in which the trichomes were fully phototactically active (Hader & Nultsch, 1973) . The electrode was inserted in a 2-5 ml cuvette containing trichomes and 5 x M-TPP-Br. Changes in the membrane potential were calculated according to the following equation:
where A v is the membrane potential, AE is the difference between the electrode potentials before and after the addition of an uncoupler, R is the gas constant, F is the Faraday constant, T is the absolute temperature and a is the coefficient describing deviation of the electrode calibration curve from the Nernst equation (Hosoi et al., 1980). The suspension was constantly stirred, and illuminated with a 200 W lamp.
Photoelectric measurements. The external electrode technique (Hader, 1978 a ) was used to measure the electrical potential difference between the two ends of trichomes. About 20 trichomes were placed in a gutter (1.5 x 0.1 mm) made in a plexiglass plate. A silver electrode was placed in a compartment at each end of the cavity, and the system filled with distilled water. The signal from the electrodes passed through an electrometer (resistance, lo9 SZ) to an oscilloscope. The time resolution was 1 ms. Trichomes were illuminated with a 100 W lamp . Reagents. CCCP, FCCP, EGTA and catalase were from Sigma; glucose oxidase was from Serva and TPP-Br from Chemapol (Czechoslovakia). TTFB was a kind gift of Dr Jaguzhinski of this laboratory. Ionophore A23 187 was from Calbiochem. All other chemicals used were of reagent grade.
R E S U L T S
Sensing of A,i& in the taxic response Trichomes reverse their direction of travel in response to a decrease in light intensity (photophobic response; Nultsch & Hader, 1979 Taxic responses in Phormidium uncinatum + a a Fig. 1 . Measurement of A y in P. uncinatum by TPP+ transport. A TPP+ electrode was placed in a 2.5 ml vessel containing 5 x 1 0 -6~-T P P + and blended trichomes (3.4 mg wet weight ml-l). Anaerobiosis was maintained by the glucose oxidase reaction. The ordinate shows the decrease of TPP+ in the outer medium. The addition of cells, the switching off of the light, and the addition of the glucose oxidase mixture (to remove oxygen), are indicated by arrows. Table 1 
. Effect of anaerobic conditions on the sensitivity of the photophobic response
Observations were made with trichomes 72 h after they had swarmed out from the point of inoculation. the photophobic response closely coincide (Nultsch, 1962) , suggesting that A,&+ is the parameter that is being registered in phototaxis. Alternatively, the light pigments could serve as specific receptors, or the level of reduction of an acceptor in the electron transport chain could govern phototaxis (the 'electron pool hypothesis'; Hader, 1974 Hader, , 1975 . To distinguish between these possibilities, we attempted to produce different changes in ALH+ in response to a given light decrease. If A~H + can be generated in the same membrane by both photosynthesis and respiration, a small decrease in light intensity would produce an insufficient decrease in AjH+ under aerobic conditions and a pronounced decrease in A,iiH+ under anaerobic conditions when light is the only means of supporting AjH+.
Measurements of TPP+ accumulation by a suspension of P. uncinatum trichomes (Fig. 1 ) demonstrated that both light-linked and respiratory-linked redox chains could energize the cytoplasmic membrane. The sensitivity of the photophobic response to insertion of a neutral density filter (AT,) markedly increased under anaerobic conditions (Table 1) . When a large decrease in light intensity was achieved with filter AJ3, the sensitivity of the response was again greater under anaerobic conditions (Table 1) . Finally, a threshold light decrease that had no effect on aerobic trichomes effectively repelled P. uncinatum under anaerobiosis ( Table 1) . The simplest explanation of the experiment is that P. uncinatuw; senses changes in AjHt, but not in light per se. The response of P. uncinatum to changes in AjHi other than that caused by varying the light intensity was determined. When added to gliding trichomes, the uncouplers CCCP and FCCP caused reversals, thus acting as effective repellents. The ability of these uncouplers to decrease the light-induced AI,U (assuming that TPP+ is accumulated in accordance with the Nernst equation (Grinius et al., 1980) was quantitatively correlated with their repelling action (Fig. 2) . Increasing concentrations of CCCP were equally effective in decreasing AI,U and in eliciting a phobic response. A N I D Z E , V . L. G A B A I A N D A . N x M-TTFB and applied to the centre of a plate with uniformly spread trichomes. The photograph was taken 8 h later; it shows: 1, the tissue paper; 2, trichomes immobilized by a high concentration of the uncoupler; 3, a light zone formed after the trichomes had swarmed out of it; 4, a band of trichomes that have accumulated at the periphery of the dish. Fig. 4 . Negative chemotaxis of P. uncinatum from an old culture exudate. A thread was soaked in water that had been flooded on to the surface of an old culture, and was placed on a dish with young swarming trichomes. 1, Trichomes swarming out of an inoculation point; 2, trichomes repelled by a thread soaked in an exudate from an old culture; 3, trichomes gliding over a thread soaked in the growth medium.
G . V . M U R V
Uncouplers were also tested for their ability to repel cyanobacteria in a spatial gradient assay . Homogenized trichomes were suspended in 0.3 % (w/v) agar in a Petri dish, and a disc of tissue paper, soaked in 8mM-TTFB solution, was applied to the surface of the dish (Fig. 3) . Trichomes near the edge of the disc were immediately immobilized, while the rest glided down the uncoupler gradient, leaving an empty zone in their wake.
High concentrations of uncouplers and the permeant cation TPMP+ have been reported to inhibit photophobic responses in P. uncinatum (Hader, 1979) . We confirmed this result, and also observed inhibition of the photophobic response by CCCP, TPP+ and valinomycin. Both light-induced and spontaneous reversals became suppressed (results not shown). Inhibition of taxis in this case may be due to the arrest of A&+-dependent fibrillar reversion at low levels of A,iH.. A similar situation appears to exist in Bacillus subtilis and Escherichia coli (Khan & Macnab, 1980) . Apart from the simple inhibitory effect of uncouplers and ionophores on taxic responses, we observed an unusual negative photophobic response in the presence of lop4 M-TPP+ or M-valinomycin. After a decrease in light intensity (which had no effect), increasing light caused a reversal within 30 s (results not shown). It seems probable that the negative taxis signal generated following a light decrease was ineffective, due to an arrest of the reversal mechanism. However, an increase in illumination caused an increase in A,iiHt, triggering the preformed signal. After 5-10min illumination at a given light intensity (in the presence of lop4 M-TPP+), the trichomes failed to respond to a light increase.
The sequence of information processing steps
By interfering with the taxis system at different levels, it is possible to determine the sequence of steps involved in information processing. If we consider A,&+ sensing to take part at the reception step, it would be reasonable to assume that the information next reaches the methyl-accepting chemotaxis proteins (MCPs) that were found to collect information from individual receptors in E. coli (Springer et al., 1977; Silverman & Simon, 1977) . Sensory transduction may be interrupted at the level of MCP methylation by introducing an analogue of methionine, L-ethionine (Schimz & Hildebrand, 1979) . Incubation with ethionine (2 mM) for 30 min inhibited the photophobic response in P. uncinatum twofold (results not shown), suggesting that one or more MCPs take part in transducing information gained from A,&' reception. In a control experiment, methionine (2 mM) had no effect.
The addition of Ca2+ and the Ca2+ ionophore A23187 (each at lop5 M) to trichomes pretreated with ethionine caused oscillatory reversals of trichomes, indicating that Ca2+ regulates reversals at a stage that follows the methylating processes. The addition of a high concentration of CCCP (2 x 1 0 -6~) to trichomes oscillating in the presence of Ca2+ and A23 187 totally suppressed reversals. This observation supports the conclusion of Khan & Macnab (1980) that under conditions of lowered A&& the sequence of information processing steps is interrupted at the level of the flagellar rotary motor.
Synchronization of cells within a trichome
We noticed that in a viscous environment, the rate of spontaneous reversals increased. The reversals became oscillatory (once every 15-20 s) if 4 % (w/v) solutions of polyvinylpyrollidone (mol. wt 350000) or Ficoll (mol. wt 400000), or 1 % (w/v) agar (at 30 "C) were added to trichomes on the surface of 2% (w/v) agar plates. The rate of movement decreased several fold. Under such conditions, a decrease in light intensity (obtained by using the neutral density filter AJ2) increased the motility rate three-to fivefold for about 20 s. Some trichomes came to a standstill in a viscous solution; a light stimulus then initiated gliding for about 30 s. If the end of an immotile trichome (15 % of its length) was illuminated by a light spot and the light intensity was then decreased, the trichome began to glide for about 30 s. In response to a viscous environment, individual cells may periodically initiate negative taxis signals, causing the asynchronization of movement in different parts of the trichome. A strong uniformlyspreading stimulus (change in A,&+) would temporarily synchronize all the cells and allow the trichome to move.
It is possible to follow the direction of motion of individual cells by suspending trichomes in a liquid medium and staining the slime with India ink (Walsby, 1968) . In the absence of a solid contact, the slime forms rings that move throughout the trichome. When suspended in a 4% (w/v) aqueous solution of Ficoll with India ink, rings of slime on the surface of the trichomes oscillated with an amplitude of 3 to 30 pm, rather than moving uniformly to one end, thus showing a degree of asynchronization.
An aqueous extract from a Petri dish containing a 10-d-old culture of P . uncinatum was obtained by spreading 0.5 ml distilled water on the surface of the agar and collecting it 2 min later. A thread soaked in this extract repelled trichomes in a spatial assay (Fig. 4) . When added to trichomes, the extract increased the rate of spontaneous reversals fivefold and brought many trichomes to a standstill. A local or total light decrease temporarily initiated gliding in the immotile trichomes. The addition of 5 x lo-' M-CCCP restored motility in all of the trichomes. The uncoupler may have activated motility by arresting reversals, thus synchronizing all the cells. The addition of 1 mM-EGTA also restored motility in immotile trichomes (results not shown) presumably due to its inhibiting reversals by binding Ca2+ (Murvanidze & Glagolev, 198 1) .
It seems that if repellent stimuli spread uniformly among the cells, as in the case of A&+ perturbations caused by changes in light or uncoupler concentrations, cells react synchronously. If an intense repellent stimulus is not of uniform nature, as in the case of viscosity or chemorepellents, different cells initiate a taxis signal randomly, causing asynchronous reversals and the immobilization of the trichome.
The taxic signal
If a batch of 20-30 trichomes is illuminated with uniform light, external electrodes register an irregular signal of unpredictable sign between the ends of the trichomes. The same applies when the light is turned off. Since it is known that the anterior part of the trichome (approx. 15% of the total length) is more sensitive to light stimulus than the rest of the trichome (Drews, 1959), we attempted to synchronize all the trichomes in the batch. A large spot of light was trained on one end of the batch (approx. two-thirds of the trichomes' length) and turned off 1 min later. Those trichomes moving towards the light must have reversed, while those moving away from the spot must not have, due to the insensitivity of the 'tail' end. This procedure was expected to orient all of the trichomes with their 'heads' in the same direction. Then a uniform light was switched on and off (Fig. 5) ; a large-amplitude signal followed. A second cycle of light-dark stimulus produced a mirror-image of the first response. The sequential light-dark cycles brought the batch to the initial (asynchronous) state, probably because the trichomes became asynchronized during spontaneous reversals in the period between the light stimuli. However, it was possible to obtain the two sequential opposing signals after a new synchronization.
D I S C U S S I O N
Cyanobacteria lack specific receptors for photophobic response, and the coincidence of action spectra for photosynthesis and for accumulation in a light spot (Nultsch, 1962) may be most readily explained by the organisms' ability to sense bH+. In the present study, we found that the sensitivity of the photoresponse depended not on the change of light intensity, but on its ability to produce changes in bH+. Moreover, uncouplers appeared to be potent repellents, in both spatial gradient and temporal gradient assays. The repelling action of uncouplers first described by Clayton (1958) and extensively studied by Ordal 8z Goldman (1975 Goldman ( , 1976 in Bacillus subtilis is at present a subject of controversy. Repulsion by uncouplers is considered to result from A&+ sensing (Miller & Koshland, 1977; Glagolev, 1978 Glagolev, , 1980 or specific chemoreception (Ordal & Villani, 1980) . Using the fluorescent probe for Aty, 3,3'-dipropylthiodicarbocy anine iodide, no correlation between the uncoupling ability and repelling activity of pentachlorophenol was found for B . subtilis (Ordal 8z Villani, 1980) . In contrast, when we monitored Aty by TPP+ accumulation in P. uncinatum, a good correlation between the uncoupling and repelling efficiencies of CCCP was found (Fig. 2) .
The problem of synchronizing individual cells of a trichome, absent in the case of A,iH+ sensing, becomes apparent when other chemoeffectors are used. A viscous environment or an aqueous extract from a 12-d-old culture cause cells to oscillate asynchronously. The addition of EGTA arrests reversals, suggesting that individual cells may initiate a taxis signal, leading to Ca2+ accumulation. Although Ca2+ has been found to regulate reversals in B . subtilis (Ordal, 1977) , there seemed to be no influx of Ca2+ into the cells following a repellent stimulus (Ordal & Villani, 1980) and it was therefore suggested that Ca2+ switched between a bound and a free form within the cytoplasm. It seems possible that Ca2+ may not reequilibrate rapidly between the cytoplasm and the outer medium, but rather becomes sequestrated outside the cytoplasmic membrane in the periplasm or the cell wall.
Ca2+ cannot play the sole role of a chemotactic signal, since trichomes rapidly reverse in the presence of A23187 and high Ca2+ concentrations, i.e. at a presumably constant intracellular Ca2+ concentration. The taxis signal may, therefore, be a Ca2+-depolarizing wave, increasing Ca2+ concentration in the cytoplasm. A decreased Aw would allow Ca2+ to bind to the motor and change the direction of rotation (Murvanidze & Glagolev, 198 1 ).
An electrical signal following a light increase or decrease in P. uncinatum was reported by Hader (1978 a, b) . In contrast, we were unable to obtain reproducible signals following changes of light in a batch of trichomes. Perhaps the discrepancy is due to a strain difference. However, after alignment of the sensitive anterior parts of the trichomes, singly polarized electrical signals were registered following two sequential dark periods. This depolarization may represent the electrical taxic signal which might be expected to change its polarity, as trichomes change the position of the sensitive end after each reversal.
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